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Biochemical Alterations of Lung Structure as
Predictors of Chronic Lung Disease
by Jerold A. Last*
This presentation reports on newer animal models and techniques that we and others
have developed. These models attempttopredictin areasonable experimentaltimeframe
the occurrence of structural changes in the lungs that are the basis of various chronic
diseases. Since the major chronic diseases of the lung parenchyma involving what we
think ofas well-understood structural changes are pulmonary fibrosis and emphysema, I
will discuss in detail ways oflooking at effects ofairpollutants on lung collagen and lung
elastin metabolism.
Less than 10 years ago techniques for studying
protein biosynthesis in vitro by tissue minces
were first applied to the analysis oflung collagen
synthesis by Crystal and his colleagues at the
National Institutes of Health (1). We have
adapted these methods for the study of collagen
biosynthesis by lung minces from rats, mice and
monkeys that have been exposed to various
pneumotoxins, including air pollutants, that are
known to cause pulmonary fibrosis. We study
collagen synthesis by lung parenchymal minces
cultured for a few hours in vitro, during which
time the amount of collagen synthesized is a
linear function oftime ofincubation (Fig. 1). This
type ofassay presumably tells us what the rate of
lung collagen synthesis was in vivo at the mo-
ment the animal was killed. There actually is
evidence that this presumption is true in another
system, in which the in vitro rate of collagen
synthesis by lung minces was quantitated and
shown to be similar to the in vivo rate, deter-
mined by injection of labeled precursor several
hoursbeforekillingthe rats(2). Whenwe exposed
rats continuously to levels of ozone between 0.5
and 2 ppm for 1, 2, or 3 weeks, the observed
collagen synthesis rates by their lungs was in-
creased (Fig. 2). We have shown (3) that the
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FIGURE 1. Time course of incorporation of [3Hlproline into
collagen [3Hlhydroxyproline by lung minces from rats that
hadbreathed only filtered air (0) orhadbreathed 0.8 ppm
of ozone for 21 days (e). Data points are means + SD of
valuesfromthree different rats eateachtime; the lines are
fitted to the data by least-square analysis. The correlation
coefficient (r2 values) for each line is 0.99J. A. LAST
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increaseobserved inthecollagensynthesis rateis
a linear function ofthe level ofozone to which the
rats were exposed. We have also shown (3) that
there is an excellent correlation between pulmo-
nary fibrosis as defined by lung collagen synthe-
sis rates and the extent offibrosis as scored semi-
quantitatively by histological indices. Since the
biochemically defined fibrosis is a linear function
of the concentration of ozone that the rats
breathe, we can linearly extrapolate from our
data to determine "threshold" levels ofozone that
cause elevations in lung collagen synthesis rate
after continuous exposure for 1-3 weeks (Fig. 3);
such linear extrapolations probably overestimate
exist at all. Interestingly enough, we find the
threshold level in these experiments to be less
than about 0.10-0.13 ppm of ozone, approxi-
mately the former ambient air quality standard
(0.08 ppm) for this pollutant (the present stan-
dard is 0.12 ppm). Wehave alsoperformedexperi-
mentsinnonhumanprimatesbyexaminingopen-
chest biopsies before and after exposing them to
high levels ofozone; such methods allow us to use
each animal as its own control. In these experi-
ments with cynomolgus monkeys, we have found
them tobe more sensitive than rats to high levels
of ozone by this criterion (4). Obviously most
humans are not rats, nor do they breathe ozone
continuously at these levels for weeks at a time.
The relationship of such threshold values ob-
tained inexperiments ofthistypeto the settingof
air quality standards remains a matter ofjudg-
ment.
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FIGURE 2. Biochemical and histological responses ofratlungs
to exposure of rats in vivo to various concentrations of
ozone for (A) 7, (B) 14, or(C) 21 days. Biochemical data are
expressed as the percentage of control value (nmol of
[3H]hydroxyproline synthesized per hour per gram ofpro-
tein) ofcollagen biosynthesis rate by lung minces. Histo-
logical responses are expressed as net lesion score. Open
bars, histological lesion scores; hatchedbars, collagen syn-
thesis rates.
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FIGURE 3. Collagenbiosynthesis rates ofrat lung minces as a
function of concentration of ozone to which the rats had
been exposed in vivo. Lines are fitted to the data by linear
regressionanalysis(least-squaresprogram): (0) 7dayexpo-
sures; (o) 14day exposures; (A) 21 day exposures. Apparent
"threshold" values are determined by linear extrapolation
to zero effect levels (i.e. values of 100% ofcontrol).
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An obvious question that comes to mind from
experiments of this type is what relationship, if
any, exists between data on elevations in collagen
synthesis rate oflung minces from rats exposed to
air pollutants and changes in actual lung colla-
gen content, especially over a long-term exposure
regimen. We have attempted to answer this ques-
tion by analyzing lung collagen synthesis rates
and total lung collagen content in rats exposed
continuously to 0.5 ppm of ozone for up to 6
months (5). Lung collagen synthesis rates were
elevated above control values (Fig. 4) at all times
studied (3, 30, 50, 90 and 180 days ofcontinuous
exposure). Lung collagen content (estimated as
milligrams of hydroxyproline per lung) was sig-
nificantly greater in the exposed rats for up to 3
months of exposure (Fig. 5). Thus, elevated lung
collagen synthesis rates seemed to be associated
with elevated lung collagen content in these rats.
These changes could be correlated with mild cen-
triacinar fibrosis observed in other rats from the
same study (6).
We have also been able to show (7) that eleva-
tions in lung collagen synthesis rate in rats ex-
posed to high levels ofozone (1.5 ppm for 1 week)
are associated with a qualitative shift inthe types
of collagen being made and deposited in their
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FIGURE 4. Collagen synthesis rates of lung minces prepared
from rats after exposure to 0.5 ppm ozone for various times
(as indicated). Results are means ± 1 SE for the slopes of
the least-squares fitted lines prepared from 3 time points
for each lung mince. Correlation coefficients for such
straight lines ranged from 0.90 to 1.00, with an average
value of 0.965 (24 data sets). Open and hatched bars are
from control and ozone-exposed rats, respectively.
lungs. In mammalian lungs (includingthose from
rats) the normal ratio of collagen types being
synthesized is about 66% Type I collagen and 33%
Type III. In rats exposed to high levels of ozone
the ratio of collagen types being synthesized is
about 80-85% Type I and 15-20% Type III. It is
certainly relevant to point out that Type I colla-
gen is stiffer and less compliant than Type III; it
is also whatpathologists call collagenbased on its
histological appearance and staining properties,
as opposed to Type III collagen, which may be
what is called reticulin. Presumably such long-
term structural changes are also occurring in the
lungs ofour rats exposed to 0.8 ppm of ozone for
several months, although we have not as yet
tested this possibility experimentally. Such an
experiment is currently being performed in mon-
keys exposed for 1 yr to 0.8 ppm ofozone.
I would like to emphasize that collagen synthe-
sis rates by lung minces from rats exposed to
ozone for up to 6 months remain elevated over
control values; as evaluated by this parameter,
rats do not show a decreased response to contin-
ued ozone exposure. There are long-term struc-
tural changes occurring in these lungs from
chronically exposed rats thatmakethemdifferent
from "normal" lungs from control animals;
at
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FIGURE 5. Collagen content (expressed as mg of hydroxypro-
line) ofratlunghomogenates fromthe same rats evaluated
in Fig. 4. Open bars: control rats that had breathed only
filtered air; hatched bars: rats exposed to ozone. All results
indicated are means ± SD ofdata from groups ofsix rats.
Asterisks indicate significant differences (p < 0.05) as
evaluated by Student's one-tailed t test.
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whether these structural changes are considered
to be good, bad or neutral for these rats depends
more at our current levels of knowledge upon
one'sphilosophical beliefs than upon any rigorous
scientific comprehension of the relationship of
such structural changes in the lungs to their
functional capacity.
I would like to expand upon this point. We (8)
and others (9, 10) have shown in another animal
model ofpulmonary fibrosis induced by intratra-
cheal injection of bleomycin that pulmonary fi-
brosis as evaluated by lung compliance, a physio-
logical measurement, is not the same as
pulmonary fibrosis as evaluated by histological
appearance and/or biochemical measurements of
total lung collagen content.
For example, in rats or hamsters administered
bleomycin, the lung compliance is decreased for
2-4 weeks after instillation ofthe drug, a change
consistent with the definition ofpulmonary fibro-
sis by physiological criteria. However, 5-6 weeks
after instillation of bleomycin, the lung compli-
ance returns to normal values andthe animals do
not have physiological manifestations of lung fi-
brosis. These same animals are fibrotic upon his-
tological examination of lung sections (i.e., the
pathologist would reporttheir lungs tobe fibrotic)
and their lung collagen content (estimated as
total lung hydroxyproline) continues to increase
over the time interval between 2 and 6 weeks.
Thus, the pathologist and the biochemist would
agree that these animals had pulmonary fibrosis,
while the physiologist would feel they were nor-
mal. Indeed, these studies suggest that we really
do not understand as much as we think we do
about the structural basis oflung function, espe-
cially about the relationship between lung colla-
gen content, lung fibrosis, and lung compliance.
Similar lung mince systems can be used to
probe for effects of air pollutant inhalation on
lung elastin metabolism. Dubick and co-workers
(11) have demonstrated using in vivo labeling
techniques that three acute exposures of mice to
1.5 ppm of ozone for 4 days each do not seem to
increase the turnover of mature molecules (fully
crosslinked) oflung elastin. Since changes in lung
compliance (elasticity) have been reported in rats
(12) and rabbits (13) exposed to ozone, such short-
term techniques for evaluating putative changes
in lung elastin content or crosslinking are of
obvious interest. Lung mince techniques for
studying rates of elastin biosynthesis utilizing
antibodies to soluble precursors of elastin are
currently under development to allow us to look
at synthesis independently of crosslinking reac-
tions.
What are the implications ofthese experiments
for those ofyou charged with setting ambient air
quality standards? Clearly, the traditional data
base used for such standard setting is heavily
skewed in the direction ofdetecting acute, short-
term effects such as reflex bronchoconstriction in
human subjects undergoing controlled experi-
mental exposures. Itjustis notpractical to look at
each pollutant, and every possible combination of
pollutants, in long-term dose-response experi-
ments that may require inhalation exposures for
6 months or a year. However, the potential ad-
verse health effects ofair pollution that I fear the
most are chronic effects from intermittent, long-
term low-level exposures-cancer, emphysema,
pulmonary fibrosis and chronic obstructive lung
disease. For assessment of these types of risks
controlled human exposures are of absolutely no
value. Epidemiological studies have also been of
little value in assessing these risks (14), due in
partto the overwhelming impacts ofsmoking and
occupational exposures on the incidence of these
diseases in our population. Thus, I would argue
that short-term assays that probe for potential
structural changes in the lung, such as those for
collagen and elastin metabolism that I have de-
scribed today, may see potential adverse health
effects ofair pollutants that are being completely
missed by the conventional techniques currently
being used to evaluate risk. I don't think we can
afford to ignore the signals these types of assays
can send us. Yet I sense a regulatory climate
wherein animal inhalation toxicology experi-
ments are, to all intents and purposes, being
ignored in favor of data from controlled human
exposures. I, for one, would ratherbe protected by
air quality standards from putative long-term
structural changes in my lungs than from tran-
sient increases in the resistance ofmy large air-
ways. Such increased airway resistance may oc-
cur in response to release of stored histamine
fromairwaymastcells inresponse to signalsfrom
my irritant receptors (15). Such an effect may
have no long-term consequences to my health.
We also seem to be allowing ourselves to be
lulled into a sense of security with the current
ambient air quality standards based upon the
beliefthat we "adapt" to pollutants upon contin-
ued exposure. Again, I would emphasize that the
concept of "adaptation" comes from the attenua-
tion of reflex bronchoconstriction in controlled
human exposures to (for example) ozone upon
continued exposure. I do not know of any data
that suggest that the lung can adapt to continued
exposure to ozone when the assay for effects is
based upon structural changes in the lung rather
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than being based upon transient responses such
as reflex bronchoconstriction or localized inflam-
mation. In my opinion it is only by means of
designing experiments that correlate data be-
tween short-term assays for structural change (to
evaluate dose-response characteristics of the
lung) with selected long-term chronic exposures
that include detailed examination of lung struc-
ture that we will eventually be able to evaluate
properly the true risks ofexposure to ambient air
pollutants and their mixtures.
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